We present the results of 2D and 3D fully-kinetic electromagnetic particle-in-cell Monte Carlo (PICMC) simulations of triggered three-electrode gas switches using dry air as a gas (at pressures greater than 1 atm). In such switches the AK gap voltage is set slightly below the breakdown threshold. A voltage pulse applied to a trigger needle placed in the AK gap allows breakdown to occur between, initially, the trigger and anode, followed by the trigger and cathode. We demonstrate that a fully-kinetic PICMC approach can be used to follow the entire evolution of the switch, from the initial avalanche and streamer formation up to the fully conducting phase. We utilize an 18-species air chemistry model which is shown to agree with swarm parameters (breakdown threshold, drift velocity) obtained by experiment. Photon transport and photo-ionization are also included to permit the modeling of cathode directed streamers. This computational model will be used to help design closing switches for pulsed-power systems.
I. INTRODUCTION
In this paper we describe the results of 2D and 3D hybrid-PIC simulations, using the LSP [1] code, of a triggered three-electrode railgap closing switch being designed and fielded at Sandia National Laboratory (SNL) for pulsed power applications. The switch is filled with a gas with a sufficiently high density to hold off the initial voltage applied to the AK gap. But a carefully designed voltage pulse applied to a trigger electrode initiates the avalanche breakdown and streamer development which ultimately leads to the closure of the switch.
Our electromagnetic PICMC simulations are fullykinetic in that both ions and electrons are treated as kinetic species with self-consistently evolving velocity distributions represented by the many macro-particles found in each cell.
The switch considered here has an AK gap of ~1.5 cm and a voltage of 200 kV. With air as a working gas, this requires a pressure in the switch of many atmospheres. To model the gas we have developed an 18-species air chemistry model, with many reaction types including ionization, excitation, and attachment. A channel for photon generation is also included, along with a photon transport model. This allows for cathode-directed streamers.
In the following sections we describe the operation of the three-electrode railgap switch and introduce the geometry, driving circuits, and operating parameters of the SNL switch. The air chemistry model is then briefly described along with the PICMC algorithms used for kinetic particle based chemistry modeling. 2D and 3D Cartesian railgap simulation results are then presented, along with some conclusions of the work.
II. DESCRIPTION OF EXPERIMENT AND SIMULATION MODEL
We begin with a brief description illustrating the operation of a three-electrode closing switch. A schematic drawing of the cross-section of a three-electrode railgap switch is shown in Fig. 1 . The arrows in the figure show the direction of electron flow. The three electrodes are the cathode (K), anode (A), and trigger (T). Prior to the opening of the switch, A and K are held fixed potentials (e.g. +100 kV and -100 kV), the surrounding metal is held at ground (G), and T floats electrically.
A schematic view of the time-dependence of the electrode voltages is shown in Fig. 2 . The initial AK voltage is small enough to hold off breakdown of the air in the switch. But a pulse applied to the trigger reduces its voltage and allows breakdown of the TA gap [labeled (1) 978-1-4673-5168-3/13/$31.00 ©2013 IEEE in Figs. 1 and 2] . Due to the resulting TA gap current, the T voltage then rises until the KT gap can also break down (2), resulting in a complete current path between A and K. We now describe the geometry, physical parameters, and driving circuits which we have used in our simulations. Figure 3 shows the geometry for the SNL switch used in 2D (left) and 3D (right) simulation. In 2D we model only the cross-section of the switch in the xy plane, and any variation in the z direction is neglected. For the actual switch, the rails have a length of 12 cm (the plot on the right of Fig. 3 shows a 6-cm segment in the z direction). The AK gap is 1.5 cm at x = 0.
The open boundaries of the simulation space on the left of Fig. 3 , are denoted P1, N1, etc. These boundaries are connected to the idealized driving circuits shown in Fig.  4 . The capacitors on A and K are initially charged to +100 and -100 kV respectively. To avoid self-breakdown for V AK = 200 kV with a 1.5 cm AK gap requires an air density of 6.5 ATM For a full 12-cm length railgap, the circuit parameters are given by 80 nF, 60 nH,
The large resistor R T in the trigger circuit is required to suppress leakage current from T to A after the closure of the switch. 
III. PARTICLE-BASED CHEMISTRY MODEL FOR AIR
For the 2D and 3D switch simulations we have used the hybrid PIC code LSP [1] . Both electron and ion macroparticles are fully kinetic. Collisions and reactions between particle species are modeled using a PICMC treatment using an 18 species air chemistry model. Electron-neutral scattering including elastic and inelastic collisions (e.g. electronic and rotational excitations) are included along with electron impact ionization. We also included electron attachment channels, such as the dissociative reaction
It is the inclusion of such reactions that allows our air chemistry model to behave as an electrophilic gas at low values of E/n n , where n n is the neutral density. Other reactions include charge exchange, the formation and destruction of cluster ions, detachment, and ion-ion recombination.
To provide a channel for photon generation we assume that one of the N 2 excited states is a metastable state denoted by N 2 * (threshold 13 eV). This state may then radiatively relax by emitting a 13.0 eV photon. Metastable relaxation is also treated in a Monte Carlo fashion with the relaxation probability at each timestep given by t/ r , where
and P is the gas pressure. For N 2 , Yoshida and Tagashira suggest values of  o = 36 ns, and P o = 60 Torr [2] We then allow photo-ionization to occur:
where X = O 2 , and O 2 -. For photons with E <13 eV, photoionization of N 2 is not possible.
Cross-sections for all the reactions have been obtained in the literature. In many cases the reaction rate is provided, rather than the cross-section, which is what is needed for the kinetic PIC treatment. In these cases we obtain the cross section from the reaction rate by the procedure described in Ref. [3] . Cross-sections and/or reaction rates for common air reactions can be found references [4] - [9] . As an example we show the crosssections for electron-impact reactions with O 2 in Fig. 5 , which were obtained from the cross-section database of the EEDF Boltzmann code [4] . The cross-section for dissociative attachment (Eq. 2) is shown in orange. [4] .
Electron impact reactions are all modeled by standard PICMC methods [10] . The photon transport algorithm in LSP is described in Ref [11] , where photo-ionization coefficients are also plotted. The remaining reactions are modeled by the binary scattering algorithms described by Nanbu and Yonemura [12] - [13] .
As a simple test of the Air chemistry model we perform simple swarm simulations. These are one-cell PIC simulations with a fixed applied electric field. Particle momenta are advanced but not particle positions, and particle self-fields are neglected. A seed electron population starts the avalanche. At steady-state, swarm parameters (generally functions of E/n n for weaklyionized plasma) can be obtained from the simulation.
Results from a sample swarm simulation are shown in Fig. 6 for air (78% N 2 , 21% O 2 , 1% Ar) at STP and E/n n = 500 Td (1Td = 10 -17 V-cm 2 ). For simplicity photon generation is neglected. The simulation timestep chosen so that t ~ 0.1, where  is the total electron-neutral collision frequency. Figure 6 shows plots of electron drift velocity, and temperature, as well as densities for all species as a function of time. The electron drift velocity and temperature reach steady-state values by 0.01 ns, and a constant ionization rate (n e -1 dn e /dt) is reached on the same time scale. Species not plotted on the right of Fig. 6 have negligible density values. We also show the results of a series of swarm simulations for air at 1 atm in which the applied electric field is varied in Fig. 7 . Electron drift velocity and (normalized) ionization rate are shown as a function of E/n n for air. The results from the simulations are found to be in good agreement with the swarm data compiled by Dutton [14] . We find that at 1 atm, air becomes attachment dominated when E/n n < 120 Td. But we point out that the critical electric field does not scale linearly with n n at low field strengths because an important electron attachment reaction is three-body [14] , rather than two-body as in Eq. (2). 
IV. 2D RAILGAP SIMULATIONS
In this section we describe the results of 2D Cartesian railgap simulations. The simulation geometry is shown in Fig. 3 (left) and the driving circuits are shown in Fig. 4 . Space-charge limited emission from the trigger tip and cathode surface provides an electron seed population. An adaptive particle management algorithm [15] using Eulerian remapping [11] is used to keep the total particle number tractable during the avalanche ionization phase. A direct implicit field solution [16] and cloud-in-cell particle model [17] allows for under-resolving of electron plasma parameters. The time-step is constrained by the need to resolve electron-neutral collision frequency.
The Initial AK voltage is 200 kV and the air is at 6.5 atm (273 K). At t= 0, the trigger voltage floats at ~ -30 kV, at which time the applied trigger pulse pulls the voltage lower (as shown in Fig. 2 ). The circuit parameters in Eq. (1) are scaled to account for the 1-cm length in virtual (z) direction. A variable cell size is used, but x = y = 400 m in the AK gap. The timestep, t =3x10 -5 ns, is chosen to resolve the electron-neutral collision frequency. The simulation contains ~10 5 total cells, and > 10 7 particles. Since the simulation must be run for millions of timesteps even on ~ 100 processors the runtime is on the order of one week.
The time evolution of switch closure can be seen in Fig.  8 which shows snapshots of electron density in the time window from 10-20 ns. At around 10 ns, a streamer begins to form at trigger tip and propagates toward the anode. At about 13 ns the TA gap closes. At 17 ns, a streamer from cathode surface begins to propagate toward trigger. Finally, at about19 ns, the KT gap closes and a full current path from K to A is established. The time histories of the voltages, currents, switch resistance, and total electron charge are shown in Fig. 9 . Note that the current and charge traces are normalized per unit length in the virtual direction. Some ringing is evident when the switch begins to open, after which time these transients die out. We see that negligible current leaks through the trigger. The capacitors in the driving circuits discharge on the order of a few hundred ns, with a maximum current per unit length of ~ 1200 A/cm. This leads to a minimum switch resistance of ~ 10  (for a full 12-cm long switch.). Note also that the switch resistance is roughly inversely proportional to the total electron charge. 
V. 3D RAILGAP SIMULATIONS
Some notable results from the 2D simulation were that the maximum electron density in the switch only reached a value of 10 16 cm -3 . A value 1 to 2 orders of magnitude larger was expected based upon prior experience with similar switches. The maximum switch resistance was found to be about 10 , a value 1-2 orders of magnitude lower than expected.
These results provided the motivation for a full 3D railgap simulation. In 3D we expect current filaments to form along the rails. Pinching of the filaments should produce higher current densities and more Joule heating, which should lead to more ionization, and presumably higher electron densities and lower switch resistance.
The 3D simulation is set up exactly as the 2D analog but we now explicitly simulate a 1.5-cm segment in the z direction, and assume periodic boundaries. Edge effects are neglected. This simulation contains ~10 6 total cells, and > 10 8 particles, and must again be run for millions of timesteps. On several 100 processors the 3D simulation was run out to 50 ns in about 1 month. The small timestep is the main bottleneck causing the long runtimes.
In Fig. 10 we show an electron density iso-contour (n e =2.2×10 14 cm -3 ) at t = 16.2 ns, when both the TA and KT gaps have just closed. Filaments along the rails are seen both from anode and cathode to trigger. The same effect can be seen in Fig. 11 , which shows electron density contours in planes along the rails in both the TA and KT gaps. The small squares on the right of Fig. 11 show the size of the cells in the xz plane (400×400 m 2 ). The filaments are only a few cells in width. But simulations with higher resolution in the xz plane give similar widths.
Despite the presence of filamentary structure in 3D, we find the amount of charge and current per unit length are the same nearly the same as in the 2D simulation. So the LSP simulations do not predict higher currents in 3D due to stronger pinching at the higher dimensionality. 
VI. CONCLUSIONS
We have performed 2D and 3D fully kinetic hybrid-PIC simulations of the three-electrode triggered railgap closing switch. An air density of 6.5 ATM is required to hold off 200 kV across the 1.5-cm AK gap until the switch is closed by a pulse applied to the trigger electrode. 2D and 3D simulations predict a total current of ~1.5 kA per unit length (along the rails). For a 12-cm length railgap this leads to a switch resistance on the order of 10 . The electron number density in both 2D and 3D reaches ~ 10 16 cm -3 . 3D simulations show the development of longitudinal current filaments (radius ~1 mm, spacing ~ few mm). But there is no sign of enhanced current (or reduced switch resistance) due to threedimensional pinching of filaments.
These simulations qualitatively display closing switch behavior using a fully-kinetic PIC-based approach, but the electron densities are believed to be 1-2 orders of magnitude too small, and the switch resistance 1-2 orders of magnitude too large. We are currently investigating the possible causes of the low ionization state of the simulation results.
